Introduction
The Fibroblast Growth Factors (FGFs) constitute a growing family of signalling molecules. To date 14 family members have been identi®ed in vertebrates . FGF-1 to FGF-10 are structurally and functionally related and their distribution and functions have been well characterized (reviewed by Friesel and Maciag, 1995; Mason, 1994) while the recently isolated FGF-11 to FGF-14 seem more distantly related (Smallwood et al., 1996) . Most FGFs are secreted using classical signal peptide dependent secretory pathways (FGF-3 to FGF-8 and FGF-10; reviewed by Mason, 1994; Yamasaki et al., 1996) , while other family members (FGF-1, FGF-2 and FGF-9) use poorly understood alternate routes (reviewed by Miyamoto et al., 1993; Muesch et al., 1990) . Extracellular FGFs are sequestered by binding to heparan sulphate proteoglycans and signal by activation of their high anity tyrosine kinases receptors (FGFR-1 to -4, reviewed by Friesel and Maciag, 1995; Mason, 1994) . Genetic, embryological and cell-biological studies have shown that FGF signalling molecules exert a wide range of biological activities such as growth regulation, dierentiation and cell-survival (Feldman et al., 1995; Hebert et al., 1994) .
In particular, molecular analysis of FGF-2 has shown that 3 to 4 protein isoforms are synthesized by alternative translation initiation from one coding RNA. The smallest FGF-2 isoform is initiated from the conventional AUG codon (Met-isoform) whereas the larger isoforms are synthesized by alternative translation from upstream in-frame CUG codons (Leu-isoforms; Florkiewicz and Sommer, 1989; Powell and Klagsbrun, 1991) . As FGF-2 isoforms do not contain a secretory signal sequence, its secretion from cells uses an alternative pathway which is independent of the ER-Golgi complex (Mignatti et al., 1992) . Secreted FGF-2 proteins either act directly on the producer cells (autocrine mode) or signal to neighbouring cells (paracrine mode) to stimulate cell proliferation (see e.g. Quarto et al., 1991a) or migration (Bikfalvi et al., 1995; Mignatti et al., 1992) . Experimental evidence suggests that these paracrine and autocrine FGF-2 signalling functions are most likely mediated by the Met-isoform which triggers signal transduction by interaction with FGF-receptors, is internalized by target cells and translocates to their nuclei (paracrine nuclear accumulation, Bouche et al., 1987) . Nuclear translocation occurs concurrently with induction of cell proliferation and nucleolar accumulation seems to stimulate ribosomal gene transcription, suggesting possible links between nucleolar accumulation and cell proliferation (Baldin et al., 1990; Bouche et al., 1987; Gualandris et al., 1994) .
In addition to paracrine nucleolar accumulation, evidence indicates that endogenous FGF-2 isoforms directly translocate to cell nuclei (intracrine nuclear accumulation). The amino-terminal extensions of the FGF-2 Leu-isoforms have been proposed to contain a nuclear localization signal (NLS), which mediates their preferential intracrine nuclear accumulation (Bugler et al., 1991; Quarto et al., 1991a) . The possible functions of intracrine acting FGF-2 isoforms are still largely unknown, but predominantly nuclear FGF-2 proteins have been observed in many cultured cells (Tessler and Neufeld, 1990) . During embryogenesis, nuclear translocation seems tightly regulated by developmental stage and cell-type speci®c mechanisms (Dono and Zeller, 1994; Riese et al., 1995; Shiurba et al., 1991; Woodward et al., 1992) . In particular, FGF-2 proteins accumulate predominantly in nuclei of post-mitotic cells such as speci®c neurons and dierentiated podocytes (Dono and Zeller, 1994; Woodward et al., 1992) . Furthermore, intracrine acting FGF-2 promotes transdierentiation of Schwann-cell precursors into melanocytes (Sherman et al., 1993) , suggesting functions in dierentiation rather than proliferation. Indeed, moderate expression of Leu-isoforms in cultured cells results in growth inhibition in low serum rather than continued proliferation as observed by expression of the Met-isoform (Couderc et al., 1991; Quarto et al., 1991b) .
The present study establishes that an evolutionary conserved glycine-arginine (GR) motif within the amino-terminal extension of the large chicken FGF-2 Leu-isoform mediates intracrine nuclear accumulation. This signal appears to act autonomously as its insertion into the Met-isoform results in improved nuclear accumulation of the chimeric M GR -protein. In contrast to the wild-type Met-isoform, the chimeric M GR -protein, like the Leu-isoforms, no longer promotes ecient cell proliferation under serum starvation conditions. These results suggest that the GR-motif participates in intracrine nuclear accumulation of the Leu-isoforms and supports a predominant role for the paracrineacting Met-isoform in promoting mitogenesis.
Results

A conserved nuclear targeting signal is present in the amino-terminal domains of the chicken FGF-2 Leu-isoforms
Previous studies showed that FGF-2 accumulates in nuclei of cultured cells and provided evidence for an NLS encoded by the unique amino-terminal parts of the Leuisoforms (Bugler et al., 1991; Quarto et al., 1991a) .
Similar to other species, three chicken FGF-2 isoforms are synthesized by alternative translation from one open reading frame (ORF). The smallest FGF-2 isoform initiates from the AUG initiation codon (18.5 kDa Metisoform), whereas the large 20.0 kDa and 21.5 kDa FGF-2 isoforms initiate from in-frame CUG codons (Leu-isoforms; Dono and Zeller, 1994) .
To identify and study potential nuclear targeting signals present in the chicken FGF-2 isoforms, dierent parts were fused to pyruvate kinase (PK), a cytoplasmic protein commonly used to study NLS function (Dingwall et al., 1988) . The sub-cellular distribution of the dierent fusion proteins was analysed in NIH3T3 ®broblasts using anti-PK antibodies (Figure 1 ; for details see Materials and methods). Fusion of the complete FGF-2 ORF (encoding the 21.5 kDa Leu-isoform) to pyruvate kinase results in predominant nuclear accumulation ( Figure 1a ). This nuclear accumulation is comparable to the nuclear localization of wild-type FGF-2 proteins in cultured chicken embryonic ®broblasts (Zuniga Mejia Borja et al., 1996) . Fusion of the complete FGF-2 coding exon 1 to pyruvate kinase still results in nuclear accumulation (Figure 1b ), whereas fusion of exons 2 and 3 (containing the heparin-binding domain) does not promote nuclear translocation (data not shown). Most importantly, fusion of the Met-isoform to pyruvate kinase results in a protein that remains predominantly cytoplasmic (Figure 1c ). These results indicate that an NLS is present in the amino-terminal extensions of the Leu-isoforms (Figure 1d ).
Sequence comparison of the FGF-2 ORFs from dierent vertebrate species (Figure 1d ) showed that the Figure 1 The sub-cellular distribution of pyruvate kinase-FGF-2 fusions indicates that a GR-motif located in the 21.5 kDa Leuisoform functions as a nuclear targeting signal. (a to c) Detection of dierent PK-FGF2 fusion proteins in transfected NIH3T3 ®broblasts by immuno¯uorescense using anti-PK antibodies. Note the nuclear accumulation of PK-LLM (a) and PK-LL (b) whereas PK-M (c) is cytoplasmic. The PK-constructs encoding dierent PK-FGF-2 fusion proteins are schematically shown below a to c. (a) PK-LLM fusion; (b) PK-LL fusion and (c) PK-M fusion. The black box schematically represents the PK coding sequences, whereas the FGF-2 coding sequences are indicated by white boxes (for construction details see Materials and methods). L, M: positions of ®rst upstream leucine and methionine translation initiation codons; respectively. e1, e2 and e3: indicate the three coding exons of the chicken FGF-2 ORF. Grey shaded box: marks the conserved GR-motif (see below). (d) Comparison of the FGF-2 isoforms from dierent vertebrate species (chicken, Zuniga Mejia Borja et al., 1993; bovine, Abraham et al., 1986; mouse, Hebert et al., 1990 and Dono, unpublished; rat, Powell and Klagsbrun, 1991; and human, Florkiewicz and Sommer, 1989) reveals the presence of a conserved GR-motif and additional, scattered GR-repeats. Only the amino-terminal parts encoding all alternative translation initiation codons and the carboxy-terminal end of the FGF-2 ORFs (amino acids SAKS) are shown. L: alternatively translated FGF-2 isoforms initiating from CUG/leucine start codons; M: translation initiation of the AUG/Met-isoform. The evolutionary conserved GR-motif is shaded grey. Additional scattered GR-repeats are underlined amino-terminal extensions of the Leu-isoforms are rather divergent in contrast to the high conservation of the Met-isoform (boxed sequences, Figure 1d ). However, several glycine-arginine (GR-) repeats of varying length are present in the amino-terminal parts of the Leu-isoforms in all species. The most prominent of these GR-motifs (grey shaded box, Figure 1d ) is always found in approximately the same position (16 to 23 amino acids upstream of the Met-codon), whereas other GR-repeats of variable length are scattered throughout the amino-terminal extensions (underlined sequences, Figure 1d ). The length of the conserved GR-motif varies between six (chicken and bovine) and ten amino acids (mouse and rat; grey shaded box, Figure 1d) . A four amino acid head-tohead GR-repeat is present in the 20.0 kDa chicken Leu-isoform (underlined sequence, Figure 1d and 2a), whereas no GR-repeats are found in the Met-isoform (boxed sequence, Figure 1d and data not shown). The evolutionary conservation of the GR-motif and its similarity to a GR-rich nuclear retention signal present in nucleolin suggested that it could be the signal targeting the pyruvate kinase fusions to the nucleus (Figure 1a , b).
The GR-motif functions in nuclear accumulation of FGF-2 isoforms
Several FGF-2 expression constructs ( Figure 2a ) were transfected in NIH3T3 ®broblasts (Figure 2b ), which express functional FGF-2 receptors (Bikfalvi et al., 1995) but only low levels of endogenous FGF-2 proteins (lanè NIH', Figure 2b ; see also Quarto et al., 1991; Dono and Zeller, 1994) . Normalized pools of individually characterized clones were generated to eliminate possible dierences caused by variations among single clones (for details see Materials and methods). In particular, the dierent cell pools were also selected such as to display similar growth characteristics in complete medium. These dierent NIH3T3 cell pools express either all three FGF-2 isoforms (called`LLM', Figure 2 ; Dono and Zeller, 1994) , only the two Leu-isoforms (called LL', Figure 2 ) or speci®cally the Met-isoform (called M', Figure 2 ; Dono and Zeller, 1994) . Furthermore, the chicken GR-motif (only six amino acids) was inserted into the amino-terminal part of the Met-isoform to create the chimeric M Figure 2 ). For all control experiments, NIH3T3 cells were stably transfected with the empty vector and selected in parallel to all other cell pools (Figures 2 ± 5). Immunoblot analysis using anti-chicken FGF-2 antibodies showed that all FGF-2 proteins are expressed at the expected levels and relative ratios ( Figure 2b ). Cell pools expressing either all three or selectively the Leuisoforms (lanes`LLM' and`LL', respectively; Figure  2b ) translate the 21.5 kDa Leu-isoform most eciently as expected from in vivo regulation (Dono and Zeller, 1994) . Furthermore, levels of the wild-type Met-isoform and the chimeric M . Reproducibly, about 50% of the M GR -protein was detected in the nuclear fraction (Figure 3 , lanes 8 and 9) and quantitative analysis (for details see Materials and methods) indicated that the M GR -protein is retained about threefold (2.8+0.36; n=3) better than the Metisoform. Taken together, the results shown in Figure 3 indicate that the GR-motif present in the 21.5 kDa Leu-isoform contributes to its nuclear accumulation.
The 18.5 kDa Met-isoform maintains ecient NIH3T3 ®broblast proliferation under serum starvation conditions Mitogenic stimulation of NIH3T3 ®broblast proliferation under serum starvation conditions (Quarto et al., 1991b) was chosen as a sensitive assay to discriminate between potentially dierent signalling functions of the individual FGF-2 isoforms. Therefore, the NIH3T3 cell pools expressing dierent combinations of FGF-2 isoforms (Figures 2 and 3) were tested for their potential to escape mitotic arrest under serum starvation conditions (Figure 4 ; for details see Materials and methods).
Culturing of the NIH3T3 cell pool in low serum (0.5%) for 4 days results in mitotic arrest without signi®cant cellular apotosis (panels`NIH', Figure 4a Shown is the most representative of three independent nucleo-cytoplasmic fractionations of NIH3T3 cell pools expressing dierent FGF-2 isoforms. The distribution of FGF-2 isoforms was analysed by immunoblotting of fractionated NIH3T3 cell pools expressing either all three FGF-2 isoforms (panels LLM), the 18.5 kDa Met-isoform (panel M) or the M GR -protein (panels M GR ). Lanes T: Total cell lysate was always included to determine the total amount of FGF-2 proteins. Note: the weak 22 kDa protein detected in nuclei of the Met-isoform cell pool corresponds to low levels of the endogenous murine Leu-isoform. Asterisks indicate a crossreacting protein. Lanes C: cytoplasmic fractions, lanes N: nuclear fractions. Equal amounts of normalized total proteins were always loaded. Jun: c-Jun, the weak upper band present in all lanes is a cross-reacting protein; Tub: tubulin; these proteins were used to control cell-fractionation, normalization and quantitation of relative FGF-2 levels (for details see Materials and methods) a b Figure 4 Mitogenic activity of NIH3T3 cell pools expressing dierent chicken FGF-2 isoforms under serum starvation conditions. NIH3T3 cell pools expressing all (panels LLM), speci®c FGF-2 isoforms (panels M, M GR , LL) or empty vector (panel NIH, as a control) were cultured in starvation medium (containing only 0.5% serum) for 4 days. To determine the maximal proliferative response to paracrine acting FGF-2, recombinant human 18 kDa FGF-2 was added (0.1 ng/ml; panels LL+FGF-2 and NIH+FGF-2). Proliferation rates were determined by 60 min. BrdU pulse on day 4 (for details see Material and methods). are growth arrested to a similar extent as the NIH3T3 cell pool. The dierences observed in growth arrest between NIH3T3, LL and M GR -cell pools are minor and statistically not signi®cant, whereas the dierences between these three cell pools and the LLM and M-cell pools are highly signi®cant (see legend to Figure 4) . Furthermore, addition of recombinant FGF-2 to either LL-or M GR -cell pools enables these cells to overcome growth arrest (panel`LL+FGF-2, Figure 4a ,b and data not shown), which establishes that the LL-and M GR -cell pools respond normally to paracrine FGF-2 signalling. Taken together, these studies show that only cell pools expressing the Met-isoform are able to escape growth arrest, whereas expression of either the Leu-isoforms or the chimeric M GR -protein fails to do so. Most importantly, insertion of the GR-motif into the Met-isoform almost completely blocks its potential to promote cell proliferation under serum starvation conditions.
Discussion
Since the discovery of nuclear translocation of the FGF-2 Leu-isoforms, the mechanism and possible nuclear functions have been a matter of considerable debate. Initial attempts to identify a potential NLS indicated the presence of such a signal in the aminoterminal extensions of the human Leu-isoforms (Bugler et al., 1991; Quarto et al., 1991a) , but its structure and function remained unknown. Furthermore, overexpression of FGF-2 isoforms in cultured cells provided to some extent con¯icting results with respect to isoform-speci®c functions. Some studies indicate that the Leu-isoforms might also act in a paracrine fashion and signal to induce cell proliferation (Gualandris et al., 1994) . In contrast, others provided evidence supporting an exclusive role for the Met-isoform in mediating paracrine signalling and associated nuclear functions (Baldin et al., 1990; Bouche et al., 1987) . Finally, embryological studies established that FGF-2 proteins are predominantly nuclear in post-mitotic cells such as speci®c neurons (Woodward et al., 1992) and podocytes in glomeruli (Dono and Zeller, 1994) .
To better understand nuclear accumulation and potential isoform-speci®c FGF-2 functions, the signal controlling intracrine nuclear accumulation of the Leuisoforms was identi®ed in the present study. This signal consists of an evolutionary conserved GR-repeat (six to ten amino acids) and insertion of the minimal GRmotif (six amino acids) into the Met-isoform results in a chimeric M GR -protein displaying characteristics of Leu-isoforms. In addition to improved nuclear accumulation, the chimeric M GR -protein like the Leuisoforms, fails to promote ecient mitogenesis under serum starvation conditions. In contrast, the wild-type Met-isoform stimulates proliferation in a dominant fashion, even when co-expressed with the Leu-isoforms.
The conserved GR-motif participates in nuclear accumulation of the Leu-isoforms by functioning most likely as a nuclear retention signal
The present study identi®es the GR-motif as a signal controlling direct nuclear accumulation of endogenous Leu-isoforms. Since the Met-isoform lacks this signal, its paracrine or autocrine nuclear and nucleolar accumulation must be controlled by a dierent mechanism (Baldin et al., 1990; Bouche et al., 1987) . Indeed, a recent study establishes that FGF receptor-1 translocates to the nucleus of cells responding to paracrine acting FGF-2 (Maher, 1996) . Therefore, nucleolar translocation of the Met-isoform might depend on internalization and translocation in association with FGF receptors or complexing to an NLS containing carrier-protein (for review of nuclear transport mechanisms, see Nigg, 1997) . In contrast, constitutive nuclear accumulation of the Leu-isoforms is mediated directly by the conserved, autonomous GR-motif, as its insertion into the Met-isoform results in nuclear translocation of the chimeric M GR -protein. This GR-motif is similar to parts of the GR-rich domains present in other nuclear proteins such as hnRNA binding proteins (Siomi and Dreyfuss, 1995) and nuclear proteins such as nucleolin (SchmidtZachmann and Nigg, 1993) . Molecular analysis of these GR-rich domains has shown that they do not function as an NLS, but the GR-rich domain of nucleolin controls its ecient nuclear retention . Therefore, it is likely that the predominant nuclear accumulation of FGF-2 Leu-isoforms is in part mediated by nuclear retention through the GR-motif. However, the chimeric M GR -protein is less nuclear than the large Leu-isoforms, therefore it is possible that the predominant nuclear accumulation of Leu-isoform might depend on synergistic interactions of several signals. Furthermore, many small proteins enter the nucleus by diusion rather than NLS-and energydependent mechanisms (reviewed by Nigg, 1997) . In agreement with such a proposal, inactivation of a putative classical NLS present in all FGF-2 isoforms did not aect nuclear accumulation (Presta et al., 1993) . Ecient nuclear retention of proteins containing GR-rich domains might depend in part on direct interaction with nuclear RNAs as suggested by Ghisol® et al. (1992) . However, biochemical studies have so far failed to provide any evidence for interaction of FGF-2 Leu-isoforms with RNAs (Dono and Zeller, unpublished) . Identi®cation of the GR-motif as the signal mediating nuclear translocation of the Leu-isoforms should permit identi®cation of the nuclear components involved in retaining these FGF-2 isoforms.
Dierential sub-cellular distribution of FGF family members is not regulated by a common mechanism or signal
The control of intracine nuclear accumulation of FGF-2 Leu-isoforms by the GR-signals provides a straight forward explanation for the dierential distribution of the endogenous FGF-2 isoforms synthesized by alternative translation initiation. Furthermore, the embryonic altFGF-2 isoform encodes a completely dierent amino-terminal domain (created by alternative splicing of the ®rst coding exons; Zuniga Mejia Borja et al., 1993) and is targeted exclusively to the endoplasmatic reticulum (Zuniga Mejia Borja et al., 1996) . These studies establish that the sub-cellular distribution of FGF-2 is mainly controlled by isoform-speci®c signals. In contrast, the sub-cellular fate of FGF-3 is controlled by competition of a bipartite NLS with a secretory signal, both encoded by the same Leuisoform (Kiefer et al., 1994) . FGF-1 also accumulates in cell nuclei during initiation of cell proliferation and deletion of a NLS abolishes nuclear translocation and mitogenic activity of paracrine acting FGF-1 (Imamura et al., 1990; Lin et al., 1996) . Taken together, these studies indicate that both isoform-speci®c signals or intra-molecular competition between signals regulate nuclear accumulation of FGFs. Furthermore, no signi®cant homologies exist between the GR-motif and the signals controlling nuclear accumulation of FGF-1 and FGF-3.
The GR-motif controls the intracrine fate of FGF-2 isoforms and interferes with mitogenic signalling Proliferation of cultured cells is stimulated by paracrine or autocrine acting FGF-2, which triggers FGFreceptor signalling (Quarto et al., 1991b; Rogeli et al., 1989) . Subsequently, the FGF-2 ligand is internalized by target cells and translocates to their nucleus. In particular during the G0 to G1 transition, paracrine acting FGF-2 accumulates in the nucleolus, where it has been proposed to stimulate ribosomal gene transcription (Baldin et al., 1990; Bouche et al., 1987) . Similarly, functional analysis of FGF-1 signalling established that this FGF not only triggers receptor mediated signal transduction, but also acts directly in the nucleus to stimulate DNA synthesis (Imamura et al., 1990; Lin et al., 1996) . This dual function is essential to initiate proliferation, as blocking of either function results in loss of mitogenic activity (Wiedlocha et al., 1994) .
In contrast, the presence of a cis-acting nuclear retention signal in the Leu-isoforms of FGF-2 suggests that they may only act in an intracrine fashion. Evidence indicates that intracrine FGF-2 regulates cell fate and dierentiation, as transdierentiation of neural crest derived Schwann-cell precursors into melanocytes depends on intra-cellular FGF-2 (Sherman et al., 1993). FGF-2 proteins are also predominantly nuclear in dierentiated astrocytes (GomezPinilla et al., 1992) , speci®c neurons (Woodward et al., 1992) and dierentiated podocytes in glomeruli (Dono and Zeller, 1994) . Molecular analysis of podocytes shows that nuclear Leu-isoforms levels increase several fold as these cells become post-mitotic and dierentiate terminally (Dono and Zeller, 1994, Davidson, Dono and Zeller, unpublished) . Similar nuclear accumulation of Leu-isoforms in transfected NIH3T3 ®broblasts is compatible with these cells undergoing mitotic arrest in low serum (see also Quarto et al., 1991b) . The GRmotif seems to mediate this functional dierence as the chimeric M GR -protein behaves similar to the Leuisoforms, whereas Met-isoform expressing cells continue to proliferate. However, gliomas often express high levels of nuclear FGF-2 proteins (Zagzag et al., 1990 ) and nuclear accumulation is observed in cultured proliferating astrocytes (Moet et al., 1996) and gliomal cells isolated from tumours (Joy et al., 1997) . Indeed studies by Quarto et al. (1991a) and Bikfalvi et al. (1995) provided evidence that levels of Leu-isoforms determine the growth properties of transfected NIH3T3 cells. Cells expressing low levels of Leu-isoforms grow poorly, whereas cells expressing high levels tend to grow rapidly and escape growth arrest under serum starvation conditions (see discussion of Bikfalvi et al., 1995;  and our own unpublished observations). Therefore, levels of nuclear Leu-isoforms are critical and changes in either expression levels or nuclear accumulation might enable cells to overcome mitotic arrest and contribute to neoplastic transformation. Ongoing genetic analysis of the GR-motif should further our understanding of nuclear FGF-2 functions in normal and neoplastic cell states.
Materials and methods
Expression constructs
Pyruvate kinase (PK) fusion proteins The PK-LLM, PKLLex1 and PK-M plasmids encode fusion proteins of the cytoplasmic chicken pyruvate kinase with dierent parts of the chicken FGF-2 ORF. The parental vectors encoding the chicken PK gene were previously described and permit carboxy-terminal fusions (Dingwall et al., 1988 ; kindly provided by C Dingwall). The PK-LLM construct was generated by fusing the chicken FGF-2 ORF (Zuniga Meija Borja et al., 1993) in-frame to PK. The most upstream CUG initiation codon (Dono and Zeller, 1994) was mutated to GUG using a PCR based approach to prevent alternative translation initiation. The PK-LLex1 construct was generated by in-frame fusion of a 290 bp cDNA fragment encoding FGF-2 exon 1. The PK-LLex1 fusion protein also contains the CUG to GUG mutation described above. The PK-M construct was created by cloning a cDNA fragment encoding only the Met-isoform in-frame into the PK-vector. The AUG codon was mutated to UUG using a PCR-based approach to prevent internal initiation. All mutations and in-frame fusions were veri®ed by sequence analysis.
Construction of wild-type and mutant forms of chicken FGF-2 All constructs described below are derived from the wild-type chicken FGF-2 cDNA (Zuniga Meija Borja et al., 1993) . The plasmid pRC/CMV was used to express FGF-2 proteins under the control of a CMV-promoter (Invitrogen Corporation, San Diego, CA). The LLM-and M-expression constructs have been previously described (Dono and Zeller, 1994) . Brie¯y, the LLM construct encodes the complete chicken FGF-2 ORF and expresses all three chicken FGF-2 isoforms (21.5, 20 and 18.5 kDa) by alternative translation initiation, whereas the M construct encodes only the 18.5 kDa Met-isoform. The LL construct was made by PCR based site-directed oligonucleotide mutagenesis. The AUG start codon was mutated to GUG, which creates a methionine to valine amino acid change and results in translation of only the 21.5 and 20 kDa Leu-isoforms. The chimeric M GR -protein was generated by an in-frame insertion of the GR-motif (see Results) into the Met-isoform. The crystal structure of the human Met-isoform shows that its ®rst 17 amino acid residues are rather unstructured in contrast to the remainder of the protein which forms a compact closed barrel (Zhang et al., 1991; Zhu et al., 1991) . Therefore, the minimal GR-motif was inserted four amino acids downstream of the methionine (Figure 2a ) to ensure that correct folding of the chimeric M GR -protein is not aected. The GR-motif coding sequences were created by annealing two complementary synthetic oligonucleotides (sense: 5'-CTT-GGCGCCG GGAGGCCGCGG CAGGGGGCGAGGGG-CGCCTTC-3'), which are¯anked by Nar I restriction enzyme sites to permit insertion. The Nar I site was introduced into the Met-isoform at coding position 13 (G to C mutation) using a PCR based approach. Furthermore, the GR-motif is¯anked by proline residues (PGGRGRGRGAP) to make it structurally accessible (Figure 2a ).
Antibodies
Pyruvate kinase fusion proteins were detected using a polyclonal antiserum against chicken pyruvate kinase (Dingwall et al., 1988 ; kindly provided by C Dingwall). FGF-2 isoforms were identi®ed using anity puri®ed polyclonal FGF-2 antibodies (Dono and Zeller, 1994) .
Transfection of cultured cells and generation of NIH3T3 cell pools
Mouse NIH3T3 ®broblasts were maintained in Dulbecco's Modi®ed Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (Sigma). Cells were transfected using the calcium phosphate technique (Graham and van der Eb, 1973) . Cells transfected with PK-LLM, PK-LLex1 or PK-M expression constructs were grown on coverslips and analysed after 48 h (see below). Initially, NIH3T3 cell clones stabily expressing dierent chicken FGF-2 isoforms were isolated following selection in neomycin containing medium (800 mg/ml; Dono and Zeller, 1994) . Individual cell-clones expressing the appropriate FGF-2 isoforms at levels comparable to endogenous FGF-2 in chicken embryonic ®broblasts and podocytes (Dono and Zeller, 1994) and displaying similar growth characteristics in complete medium were used to generate the dierent NIH3T3 cell pools. Always, equal cell numbers of three to ®ve independent cell clones were mixed to establish the cell pools. An NIH3T3 cell pool expressing the empty RC/ CMV expression vector was used as control in all experiments. This cell pool and the NIH-LLM and NIH-M cell pools are the same as already described by Dono and Zeller (1994) .
Immuno¯uorescence
Cells grown on coverslips were ®xed in 4% paraformaldehyde (PFA) for 10 min at room temperature. After washes using 0.2% gelatine (Sigma) in PBS cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min. Immunolocalization of PK fusion proteins with primary antibodies and detection with rodamine-coupled secondary antibodies (goat anti-rabbit; Cappel) were performed as described previously (Trumpp et al., 1992) .
Cell extracts
Cell cultures were washed in ice-cold PBS and harvested by scraping them into 0.5% NP40 (Sigma) in PBS (containing protease inhibitors). After repeated freeze-thawing, the cells were sonicated three times for 20 s and cell lysates cleared by centrifugation (10 min at 10 000 g). Protein concentrations were determined using the Bradford assay (BioRad) and equal amounts of proteins were analysed as previously described (Zuniga Mejia Borja et al., 1996) .
Biochemical fractionation of cultured cells
Cellular fractionation of semi-con¯uent proliferating cell pools was done as previously described (Dono and Zeller, 1994) . Protein concentrations were determined using the Bradford assay (BioRad) and extracts were further normalized following silver staining. Equal amounts of proteins were analysed by immunoblotting (Zuniga Mejia Borja et al., 1996) and immunocomplexes detected using ECL (Amersham). Clean separation of nuclear and cytoplasmic fractions was routinely assessed using affinity-puri®ed antibodies against c-jun (Santa Cruz Biotechnology) and tubulin (Sigma), which mark nuclear and cytoplasmic fractions, respectively. To quantitate the relative amounts of FGF-2 present in dierent samples and/or fractions the following parameters were taken into account to correct experimental variations: (1) Several exposures of autoradiograms were always analysed by densometric quantitation to ensure that the signals detected were within the linear range; (2) Dierences in expression levels of dierent FGF-2 isoforms were normalized with respect to their protein levels in total extracts and (3) Subtle dierences in loading of already normalized extracts were adjusted by comparing and correcting levels of nuclear (c-jun) and cytoplasmic (tubulin) marker proteins. Three completely independent cellular fractionations were quantitated taking into account these parameters to obtain the following values of relative higher levels of the M GR versus Met-isoform in the nuclear fraction: 2.9-fold, 3.1-fold, 2.4-fold. The mean of these values is 2.8-fold with a standard deviation of +0.36 (see Results). The immunoblot analysis shown in Figure 3 corresponds to the most representative of the three fractionation experiments (2.9-fold dierence).
Assay for mitogenic activity in serum starvation conditions All NIH3T3 cell pools expressing dierent FGF-2 isoforms proliferate with similar growth characteristics in complete medium, and their proliferation rates under serum starvation conditions were determined as follows. Between 10 5 and 2610 5 cells were plated in 30-mm culture dishes containing coverslips and complete medium. After 3 to 4 h cells were washed three times using DMEM without serum and then the medium was replaced with starvation medium (DMEM containing 0.5% fetal bovine serum; day zero). NIH3T3 cells expressing the empty RC/CMV vector were used as control. To assess paracrine stimulation of cell proliferation, the starvation medium was supplemented with the recombinant human FGF-2 (18.0 kDa, 0.1 ng/ml; ICC Germany) in some experiments. Initial experiments showed that addition of 0.1 ng/ml recombinant FGF-2 results in maximal stimulation of NIH3T3 ®broblast proliferation under these conditions (29.4+2%). After 4 days, the proliferation rates were determined by means of 5-bromo-2'-deoxy-uridine (BrdU) incorporation using a BrdU labelling and detection kit (Boehringer Mannheim). Rapidly proliferating cells were labelled by a 60 min BrdU pulse prior to ®xation. Black nuclear staining indicates proliferating cells replicating DNA. Nuclei were counterstained with Hoechst 33258 (Trumpp et al., 1992) to visualize all cells. Coverslips were mounted in Mowiol (Hoechst) and analysed using a Zeiss Axiophot. For each experiment over 1000 cells were counted and the values shown in Figure 4a represent the percentage of cells incorporating BrdU (average values obtained analysing three independent experiments). The statistical signi®cance of all results was determined using the Student-NewmanKeuls test and all dierences discussed have a signi®cance of at least P50.001 (see legend to Figure 4) . Furthermore, ANOVA evaluation con®rmed the statistical signi®cance of all dierences discussed (data not shown).
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